A suitable kinetic model for the consumption of stabilizer (diphenylamine) in single base gun propellants was investigated and successfully verified. The model assumes that a reaction of shifting order can be applied for the consumption of diphenylamine in single base gun propellants. It was found that the experimental data were well evaluated by a first-order reaction at high concentrations of diphenylamine in the propellant, but by a zero-order reaction at low concentrations during the final phase of the propellant life time. The mechanism of diphenylamine depletion was discussed with relation to the model and the ageing behavior of the propellants. The kinetic parameters of this model, which permit the calculation of the time up to complete consumption of the diphenylamine, were determined. The results were compared with the kinetic data obtained by a widely accepted model, which combines formally reactions of first and zero order, designated as an "exponential and linear" model. All comparisons gave satisfactory agreement.
INTRODUCTION
Single base (nitrocellulose-based) gun propellants degrade with time, producing oxides of nitrogen, which cause further self-catalytic, exothermic degradation even at moderate temperatures used for their storage (normally less than 40 ºC or 50 ºC). Since these gun propellants are not homogeneous, there is a possibility that in some regions the dissipation of the heat or gases evolved during decomposition may be prevented. The results would be a localized buildup of heat and gas pressure. In such propellant region the degradation rate would increase. If the temperature would rise to approximately 170 ºC or 180 ºC, self-ignition would occur. Therefore, these propellants must be stabilized with the substances, most frequently with diphenylamine (DPA), that chemically bind the evolved gases, in fact removing them from the matrix.
The knowledge of the stabilizer content and its consumption over a time-temperature range permits their safe storage and safe use time to be estimated. Several different approaches, which involve the artificial ageing of propellant samples at various elevated temperatures and measuring the change in the "free" stabilizer content of the propellant and the formation of its consecutive nitrated products, have been used to obtain equations to predict the time for the consumption of a given percentage of the stabilizer and a temperature coefficient to allow an estimation of this time at the storage temperature. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Some of the prediction methods were investigated for specific problems and it was found that they depend on the technique used to monitor the stabilizer. Other methods were intended to be a basic kinetic approach that could, at least in principle, be applied to any propellant chemical stability problem.
The objective of the present investigation was to find a suitable kinetic model for the consumption of diphenylamine in single base gun propellants and to determine the kinetic parameters, which enable the calculation of the times up to complete diphenylamine consumption over a time-temperature range.
DESCRIPTION OF THE MODEL
The reaction and diffusion processes causing stabilizer consumption in a propellant during its life time are very complex 1,12,13 and a kinetic approach requires some simplifying assumptions.
It is assumed that a reaction of shifting order 14 can be applied for the consumption of diphenylamine is single base gun propellants. Namely, when the diphenylamine concentration in the propellant is relatively high, the diphenylamine depletion approaches first-order kinetics, while during the final phase of the life time of the propellant, the diphenylamine depletion does not depend on its concentration, then the diphenylamine consumption inclines to a reaction of zero-order. This means that during this phase, diffusion processes of the decomposition products in a gun propellant are dominant. Further, it is accepted that the temperature dependence of the reaction rate constants follows Arrhenius type behavior.
In the adopted notation the rate equations describing the stabilizer consumption according to the accepted kinetic model are given by:
where c DPA is the diphenylamine concentration in a propellant as a function of time t and temperature T, k 0 and k 1 are the reaction rate constants for the zero-order and first-order kinetics, respectively, Z 0 , Z 1 , E a,0 and E a,1 are the corresponding pre-exponential factors and the energies of activation in the Arrhenius equation, and R is the gas constant.
Integration of Eq. (1) yields:
Then, Eq. (4) describes the decrease in the diphenylamine content over a time-temperature range.
EXPERIMENTAL
The single base gun propellant NC-27, containing about 99 % nitrocellulose (NC) and 1 % diphenylamine, was subjected to artificial ageing at 100, 90, 80 and 60 ºC for times necessary for the complete consumption of the stabilizer. These tests were run on 30 g samples using pyrex tubes (150 mm long by 25 mm diameter), copped with loosely ground glass stoppers. The entire tube was contained within the cavity of a heating block to ensure uniformity of heating and to avoid condensation at the top of the tube.
The stabilizer content in the aged propellant samples was measured by reverse-phase high performance liquid chromatography (HPLC).
The internal standard method was used for the quantitative determination of the sample components. The internal standard solution was prepared by dissolving 0.1 g of dimethyldiphenylurea, known as centralite II, in 50 ml of acetonitrile.
The propellant samples were ground (approximately to a size of 2 mm); 2 g of each were extracted for 48 h with 50 ml of dichloromethane. A 2 ml of this solution was pipetted into a 10 ml volumetric flask. The solvent was then evaporated, a 1 ml of the internal standard solution was added and the content of the flask was diluted to the mark with acetonitrile.
The concentration of the standard components (DPA, N-nitroso-DPA, 2-nitro-DPA and 4-nitro-DPA) in the 50 ml calibration mixture solution covered the ranges expected for the samples. A 2 ml sample of this solution was transferred into a 10 ml volumetric flask of and the dichloromethane was evaporated. A 1 ml of the internal standard solution was added and the content of the flask was diluted to the mark with acetonitrile.
A HPLC instrument LDC/Milton Roy 3000 was used. The variable wavelength UV-detector was set at a wavelength of 220 nm. The data were processed using a chromatography data system.
The column type was 150 mm´4.6 mm Supelcosil LC-18-DB with a particle size of 3 mm. The operating temperature was maintained at 55 ºC.
The mobile phase composition was acetonitrile/water, 40/60 (v/v) with a flow rate of 2 ml/min. The injection sample size was 5 ml.
RESULTS AND DISCUSSION
The HPLC analysis results obtained for aged propellant samples are presented in Figs. 1 and 2 . All of these results formed the basis for the kinetic analysis, which was intended to verify the proposed kinetic model. The solid lines in these Figures were fitted according to Eq. (4). The model was assessed using the standard deviation (SD) of the least square fit procedure as the criterion. The results of these calculations and the corresponding reaction rate constants are presented in Table I .
As can be seen from Figs. 1 and 2, as well as from Table I , there is a good agreement between the corresponding measured and calculated concentrations of diphenylamine for the times up to its complete consumption. This fact confirms the validity of the proposed kinetic model of the stabilizer consumption in single base gun propellants. The kinetic parameters of this reaction of shifting order, which were determined by the least square fit procedure according to Eqs. (2) and (3), are given in Table II .
The Arrhenius plots of the reaction rate constants for the diphenylamine consumption in the gun propellant NC-27 are presented in Fig. 3 . The values lie very well on straight lines, as can be seen from the small confidence intervals of the activation energies and the pre-exponential factors, Table II .
The values of the activation energies and the pre-exponential factors have been compared for the same type of gun propellants, with data obtained by a model which combines formally reactions of first and zero order, designated the "exponential and linear" model. [9] [10] [11] The results are also given in Table II , and this comparison gives satisfactory agreement.
Diphenylamine chemically binds the evolved decomposition products of nitrocellulose and consecutive products with an increasing degree of nitration are formed. Hence, consecutive nitrated products of DPA, from the N-nitroso-DPA and the mono-nitro-deriva-tives of DPA to the hexa-nitro-derivatives of DPA are formed with time. Some of them, N-nitroso-DPA and mono-nitro-derivatives of DPA, also have a stabilizing effect. 13 TABLE II. Kinetic parameters of the consumption of diphenylamine in single base gun propellants over the temperature range from 60 ºC to 100 ºC NC-27 GP A5020 9,11 E a,0 /kJ mol -1 154.0 ± 3.1 152. The results of the HPLC analysis, obtained for the propellant samples aged at 90 ºC for times up to the complete consumption of the diphenylamine, are presented in Fig. 4 .
As can be seen in Fig. 4 , the concentrations of N-nitroso-DPAand mono-nitro-derivatives of DPA increase with increasing aging time. Since these DPA derivatives have an important stabilizing effect, they concurrently with the remaining DPAreact with the NC decomposition products in a further step. When the DPA content becomes sufficiently small, the reactions of the DPA derivatives prevail, because the chemical accessibility of the unreacted DPAbecomes a limiting factor. Then, diphenylamine depletion does not depend on its concentration, i.e., the diphenylamine consumption tends to a reaction of zero-order or, during this phase, diffusion processes of the NC decomposition products in the gun propellant are predominant. 
CONCLUSION
A suitable kinetic model for the consumption of diphenylamine in single base gun propellants, which assumes that a reaction of shifting order can be applied for the diphenylamine depletion, was successfully verified. It was found that the experimental data were well evaluated by a first-order reaction at high concentrations of diphe- nylamine in the propellant, but by a zero-order reaction of at low concentrations during the final phase of the propellant life times. The kinetic parameters of this model, which permit the calculation of the times up to complete consumption of diphenylamine, were determined. The results were compared with kinetic data obtained using a widely accepted model which combines formally the first-and zero-order reactions, designated as an "exponential and linear" model. All comparisons gave satisfactory agreement.
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Istra`ivan je i uspe{no verifikovan kineti~ki model potro{we stabilizatora (difenilamina) u jednobaznim barutima. Ovaj model pretpostavqa da se, za opisivawe potro{we difenilamina u jednobaznim barutima, mo`e primeniti reakcija promenqivog reda. Na|eno je da se eksperimentalni podaci veoma dobro procewuju reakcijom prvog reda pri velikim koncentracijama difenilamina u barutima i reakcijom nultog reda pri malim koncentracijama tokom zavr{nog perioda upotrebqivosti baruta. Razmatran je mehanizam tro{ewa difenilamina u odnosu na model i proces starewa baruta. Odre|eni su kineti~ki parametri ovog modela koji omogu}ava izra~unavawe vremena potrebnog za potpunu potro{wu difenilamina. Rezultati su pore|eni sa kineti~kim podacima dobijenim po modelu koji formalno kombinuje reakcije prvog i nultog reda, nazvanim "eksponencijalni i linearni" model, koji je {iroko prihva}en. Sva pore|ewa dala su zadovoqavaju}e slagawe. 
